The element compositions Si, Ca and Al of up to 21.1 ka old sediments in about 10 m long cores from the southern basin of the Shaban and Kebrit deeps in the northern Red Sea allowed a classification of major sediment types in carbonate sands and -muds and siliceous oozes. A FeOOH-enriched sediment horizon and a few samples with high Zn values in the Kebrit core indicate a hydrothermal origin probably near the brine-sea water interface with subsequent transport of hydrothermal compounds into the deep sediments.
1. Introduction
Geographical background, Red Sea water masses
The Red Sea, a large approximately 2000 km long and 230 km wide marginal basin, is part of the AfricanArabian rift system. It is a young ocean basin often called an ocean in statu nascendi. To the south the Red Sea is connected to the Gulf of Aden through the shallow, 137 m deep Bab el Mandeb strait (Werner and Lange, 1975) . In the North the Gulfs of Suez and Aqaba are located. The Red Sea lies in an arid region where large mean net evaporation (2.06 +/− 0.22 m/year; Sofianos and Johns, 2002) exceeds precipitation. At water temperatures between 22 and 24°C in winter and up to 28°C in summer highly saline waters up to 40 psu form in the northern Red Sea (Edwards, 1987) . As a consequence anti-estuarine circulation develops in which relatively fresh surface waters from the Gulf of Aden flow into the Red Sea, while deep water spills out over the sill of Bab el Mandeb. Formation of "Red Sea Water" (RSW) occurs in the northernmost part of the basin (Eshel et al., 1994; Eshel and Naik, 1997) , which then flows towards the south as a dense, cool and salty layer. Below a water depth of about 300 m a still denser "Red Sea Deep Water" occurs with constant (∼40.5 psu) salinity, which is formed during the winter months in the Gulfs of Suez and Aqaba (Woelk and Quadfasel, 1996) . However, the thermohaline control on the two surface water layers is modified by wind action (Maillard, 1972; Quadfasel and Baudner, 1993; Sofianos and Johns, 2002) . During the entire year predominating winds blow from NW and NNW. South of about 19°N, however, the prevailing wind direction during winter time is SSE (Edwards, 1987) . Details about Red Sea water masses and models including hydraulic exchange processes are presented by Siddall et al. (2004) and literature cited.
The Kebrit and Shaban deeps
In the southern Red Sea an axial trough with a continuous rift valley is developed. In contrast, the northern Red Sea has no axial rift valley but instead a few isolated deeps exist. They reflect an early initial phase of seafloor spreading with punctiform emplacement of oceanic crust (Bonatti, 1985) . The deeps are brine-filled due to leaching of sub-bottom Miocene evaporites (Manheim, 1974) with salinities up to 26% (Hartmann et al., 1998a,b) .
The Shaban deep with a size of approximately 60 km 2 is located in the northern Red Sea between 26°12′N to 26°15′N and 35°19′E to 35°24′E (Fig. 1) . It was originally discovered during a Preussag research cruise in 1981 (Preussag, 1984) but the northern and western basins were detected later (Pautot et al., 1984) . Its maximum water depth is about 1540 m, which is about 350 m deeper than the surrounding ocean floor. Steep slopes form the southern and eastern walls. A submarine ridge (900 m water depth) exhibiting two adjacent saddles stretches in 135°direction and separates the Shaban deep into four subbasins. A connection between the two larger southern subbasins exists in 1420-1430 m water depth at the SE-end of the ridge. The brine-sea water interface occurs at a water depth near 1325 m in all basins. The brine has a temperature of approximately 23°C and a pH value near 6.0 (Hartmann et al., 1998 a,b) . All four subbasins are filled with H 2 S-free anoxic (b 0.3 mg/l dissolved oxygen, Hartmann et al., 1998a,b) brine waters with salinity (S) values of 25.6-26.1%, close to NaClsaturation (Hartmann et al., 1998a,b) .
The occurrence of brine in the Kebrit deep, which is located at about 24°43′N and 36°17′E, was first described by Bäcker and Schoell (1972) . The brinesea water interface is at about 1472 m. Here the acidic 23.4°C warm brine (pH ∼ 5.5, S ∼ 27.8%, Hartmann et al., 1998a,b) is only about 80 m thick, which is in contrast to the approximately 200-250 m thick brine (pH ∼ 6.0) in the southern/eastern subbasins of the Shaban deep. Moreover, whereas the Kebrit brine is enriched with H 2 S (12-14 mg sulphur/l), the Shaban brine contains a significant higher dissolved sulfate content than the Kebrit brine (Hartmann et al., 1998a,b) .
Red Sea sediments

General
Red Sea sediments consist largely of carbonates (Milliman et al., 1969) but wind activity transports significant amounts of detritic quartz, feldspar and clay minerals into the Red Sea (Arz et al., 2003) . Much of the carbonate (and opaline) constituents of Red Sea sediments are biogenic products although primary production in the Red Sea north of 18°N is generally low and similar to that in oligotrophic gyre centers (Levanon-Spanier et al., 1979; Weikert, 1982) . Numerous studies of Holocene and Upper Pleistocene Red Sea sediments have revealed highly variable sediment compositions representing major changes in fauna and flora, which suggests significant climatic and paleoceanographical changes (e.g. Milliman et al., 1969; Deuser and Degens, 1969; Rossignol-Strick, 1987; Thunell et al., 1988; Almogi-Labin et al., 1991) . In particular, the Red Sea sediment record contains aplanktonic intervals that represent glacial periods when Red Sea salinities were in excess of the lethal limit for planktonic foraminifera (Hemleben et al., 1996b; Siddall et al., 2004 and literature cited thereunder). Milliman et al. (1969) estimated that more than half of the deep-sea carbonates in the Red Sea precipitated inorganically from seawater. Lithified carbonate crusts or (semi-)lithified carbonaceous sediments in cores are composed of the minerals calcite, high Mg-calcite, aragonite, dolomite and occasionally rhodochrosite and siderite which formed by inorganic mineral precipitation at the sea floor and during sediment diagenesis (Herman, 1965; Gevirtz and Friedman, 1966; Milliman et al., 1969; Stoffers and Botz, 1989 ).
Sediments of the Shaban and Kebrit deeps
Sediment cores from the Shaban deep were recovered on the occasions of several German research cruises to the northern Red Sea (RVs Valdivia -Menor I and II, Sonne 29, Meteor 31-2, 44-3, 52-3). All cores from the southern Shaban basin contain finely-laminated greenish to black sediments ( Fig. 2 ; Stoffers et al., 1990; Hemleben et al., 1996a ; Seeberg-Elverfeldt et al., 2004a,b), whereas the Kebrit cores often contain darkgray laminated sediments on top of carbonate deposits (Hemleben et al., 1996a) . Laminated sediments of both deeps are frequently interrupted by light-colored macroscopic relatively homogenous sandy to silty (carbonate) mud layers. According to Seeberg-Elverfeldt et al. (2004b) laminated sediments in the Shaban deep contain light layers mainly composed of coccoliths, terrigenous matter and diatom fragments while dark layers consist almost exclusively of diatom frustules. The authors assumed a seasonal variation with coccoliths as summer signal and diatoms representing fall/ winter deposition. Such a sedimentation model requires an undisturbed pelagic sedimentation by vertical sediment transport through the water column and brine body. A further prerequisite for the formation of finely-laminated sediment is that bioturbation does not disturb the sediment layers. The latter holds true for laminated sediments deposited under anaerobic conditions (Kemp, 1996; Kemp et al., 2000) especially under the influence of NaCl-saturated brine. However, for the Red Sea deeps under consideration undisturbed sedimentation over long periods of time is not very likely to occur as they are submarine depressions where turbiditic activity largely influences sedimentation. Moreover, not much attention has been given to the fact that the acidity of the brines (pH 5.5-6) may influence the sediment composition of the deeps due to carbonate dissolution (Schmidt et al., 2006) .
Previous studies of sedimentary organic matter in the Atlantis II-, Kebrit-and Shaban deep sediments showed indications of low-temperature hydrothermal maturation and petroleum generation (Simoneit et al., 1987; Michaelis et al., 1990) . The present work, however, focuses on the formation of organic-rich sediments in the Shaban-and Kebrit deeps and their relations to paleoceanographic variations in the northern Red Sea. Sapropelic layers of Red Sea sediments have formerly been recognized (Rossignol-Strick et al., 1982; Ivanova, 1985; Rossignol-Strick, 1987; Locke and Thunell, 1988; Thunell et al., 1988) . Basically two models of sapropel formation exist: "high-production" vs. "good-preservation/stagnation" (Olausson, 1961; Calvert, 1983; Almogi-Labin et al., 1991) . However, postdepositional oxidation of sapropels in contact with aerobic bottom waters plays a major role in the preservation of sapropels ("burn-down" effect, Löwe-mark et al., 2006) . When sedimentation of organic matter within anaerobic brine-filled deeps occurs an aerobic oxidation of the deposited sapropel is prevented. Hence, investigations of sapropelic sediments within anaerobic (Red Sea) deeps are very helpful when deducing the paleoceanographic conditions of sapropel formation. Recently, Coulibaly et al. (2006) found evidence in trace metal contents (e.g. Fe, Mn, Zn) of Red Sea sediments, which indicated, glacial to interglacial variations of the redox boundary relative to the brine-sea water interface. Our geochemical investigations of sedimentary organic matter deposited within the Kebrit and Shaban deeps provide further knowledge on the redox history of the Red Sea during the last 21 ka.
Methods
Sampling
During Meteor cruise 31-2 (cruise in 1995; Hemleben et al., 1996a) a 852 cm long sediment kasten core (KC 17002-2) was taken in the southern subbasin of the Shaban deep (26°12.6 N; 35°21.1 E) at a water depth of 1549 m. This core contains laminated light olive gray (siliceous oozes) or olive green to olive black-colored finely-laminated (sapropel) sediments, which are frequently interrupted by light-colored brownish or grayish (olive) homogenous sediment horizons of variable thicknesses (Fig. 2) . The light-colored sediments contain a relatively high carbonate content (Table 1) . Although the top of the core (probably more than one meter sediment, see below) is missing due to overpenetration sediment core 17002-2 can closely be correlated with sediment core 378 KL (Stoffers et al., 1990) and also with core GeoB 5836-2 (Seeberg- Elverfeldt et al., 2004b) , which were taken in close vicinity (within distances of a few hundreds of meters) to core 17002-2 also from the southern subbasin of the Shaban deep (Fig. 1b) .
An approximately 10 m long sediment core (KC 17006-5) was taken in the centre (24°43.2 N; 36°16.5 E) of the Kebrit deep at 1567 m water depth (Fig. 1c) . The upper meter of this core consists of dark greenish to gray laminated sediments intercalated with light olive gray homogenous mud and layers enriched in foraminifera (Fig. 3) . Between one and two meter core depth a horizon of moderate brown to reddish limonitic sediments (several cm thick layers, Fig. 3 ) and mm to cm thick medium to dark greenish to gray organic-rich layers alternate with light (olive) gray carbonate (foraminifera) sand and mud. Below two meters core depth homogenous light olive gray carbonate muds are present.
Sediment sampling followed the occurrence of different lithological units in each core. Organic-rich sediments were sampled onboard during Meteor cruise M31-2 in 1995 in great detail (Table 1 ) and the samples were stored in a deep freezer (− 18°C). Prior to geochemical analysis about 10 to 30 grams of each sample were washed salt-free (0.47 μm-filtration using distilled water until the filtrate did not show further reaction with AgNO 3 ), freeze-dried and homogenized by slight grinding. Organic-petrographical and geochemical laboratory analyses were performed within weeks up to several months after the cruise.
Surface (0-1 cm) sediment samples MUC-GeoB-7802-1 and MUC-GeoB-7812-2, recovered from the Shaban deep (Fig. 1b) and the Kebrit deep (Fig. 1c) , respectively, were taken with a multicoring device during Meteor cruise M52-3 (Arz et al., 2002) .
A modified "Kieler In situ Filtration" (Petrick et al., 1996) unit attached to a CTD-rosette (SeaSunTechnology, Germany) was used to sample particles from the brine-sea water interfaces of Shaban and Kebrit deep during M52-3 (Botz et al., 2002) . In situ filtration stations marked in Fig. 1b (Shaban deep), were located at the brine-sea water interfaces at about 1327-1329 m (IF 127-3/-4), and between 1331 and 1332 m water depth (IF-132-1/-2). The Kebrit brine-sea water interface was sampled at station IF-144-1 at a water depth of about 1471 m (Fig. 1c) . The filtration device pumped water/brine through a sequence of a 0.2 μm polycarbonate and a 1-3 μm glass fiber filter (Ø 140 mm). The initial water pump velocity of about 1.1 L/min dropped down to 50% during the in situ filtration at the brine-sea water interface within 30 min. The sampling depth interval varied between 0.5 and 2 m depending on sea conditions within the 30 min filtration procedure.
Carbonate-, organic carbon-, total sulfur contents
Carbonate-free (2 N HCl-treated) sediment samples were analysed for their organic carbon contents by routine analysis using 10 mg sample material in a CHNS-Analyser (Carlo Erba Instruments).
Total carbon and total sulfur were measured with a CS-Analyser (combustion at 1800°C; Leco Instruments). Carbonate contents were then calculated from the carbon data by subtraction method. One to 6 g (depending on the organic carbon content) of sediment, and 0.1-0.5 g of filtered material sampled from the brine-sea water interface were taken for quantitative extraction of soluble organic matter (lipid fraction). A Soxtec apparatus was used with CH 2 Cl 2 -CH 3 OH mixture (95: 5) boiling at 65°C for 2 h and rinsing for 5 h at 95°C. The total extract was fractionated over silica gel using iso-hexane for the elution of the aliphatic fraction, and CH 2 Cl 2 :CH 3 OH (3:1) for the aromatic hydrocarbons and the polar fraction, containing N, S, and O in the molecules. KOH-coated SiO 2 was used to split the (aromatic and) polar fraction into three groups of different polarity, using CH 2 Cl 2 (ketones), CH 2 Cl 2 -CH 3 OH (9:1, alcohols), and CH 2 Cl 2 -HCOOH (carboxylic acids). By this method no complete separation between ketones and alcohols could be achieved. Besides trisnorhopanone and alkenones, dinosterol, homohopanol, and bishomohopanol may be found in the ketone fraction. Therefore, the relevant compoundsketones and alcohols -were identified in both fractions and quantified by their peak areas. Measurements on the aliphatic, keto, alcohol, and acid fraction have been performed simultaneously with a HP 6890 (GC-FID) coupled with a Finnigan MAT 95S (GC-MS; columns: DB-5 -30 m × 0.25 mm × 0.25 μm; mass range 50-600 amu). The ketones and alcohols were derivatized with N-methyl-N-(trimethylsilyl)-trifluoroacetamid (MSTFA), the carboxylic acids with dimethylformamiddimethylacetat (DMF-DMA). Analytical results were quantified by using 4-cholesten-3-one (NSO fractions) and squalane (aliphatic fractions) as internal standards.
Kerogen preparation and Rock Eval pyrolysis
Up to 0.5 g residues from organic extraction (see above) were repeatedly treated with 6 M HCl at 50°C and washed with distilled water in order to remove any carbonate materials present in the samples. Silicates were removed by adding HF (75%) and washed with distilled water. After that pyrite was dissolved using concentrated HCl. The kerogen samples were again carefully washed with distilled water and dried at 50°C in an oven.
Pyrolysis data (Hydrogen Index) was achieved by analysing the kerogen concentrates with a Rock-Eval-V apparatus (DELSI). Both parameters, S 1 , the hydrocarbon fraction mobilized at 300°C and, S 2 , hydrocarbons generated through kerogen cracking at 650°C, are used for kerogen type characterisation (Espitalié et al., 1977) . 
Organic petrology
Polished blocks of freeze-dried and ground samples were prepared. Descriptions and semi-quantitative estimates of the microscopically visible organic materials have been made using a Leica DMR microscope in incident normal light and under fluorescence illumination (UV and blue light excitation, barrier filter at 530 nm) following routine procedures (Stach et al., 1982; Hufnagel and Porth, 1989) . The lower detection limit of the microscopical particles is 0.5 to 1 μm. If present in sufficient quantities dissolved or very finely dispersed organics of lipidic and/or humic nature were observed by their colors. Semi-quantitative estimates (by vol.%) of major organic components are based on the assumption: inertinite, huminite, liptinite, bituminite, fecal pellets plus fluorescing radiolarians amount 100. Liptinite is differentiated into alginite and pollen (sporinite). Frequencies of pyrite and the inorganic remains of the major groups of the microfossils are classified by numbers 0 to 5.
Stable carbon isotopes of kerogens and of 22,29,30-trisnorhopan-21-one (TNH)
Between 5 and 20 mg of pre-concentrated (see above) kerogen samples were combusted (as triplicates) at 1000°C in a CuO-oven. The produced CO 2 was measured for its carbon isotope composition using a Finnigan MAT 251 mass spectrometer.
The compound-specific carbon isotopic composition of 22,29,30-trisnorhopan-21-one was measured by GCirmMS (Freeman et al., 1990 ) with a Finnigan Trace-GC coupled to a Thermofinnigan Delta plus mass spectrometer via a GC/C III combustion transfer line. The compounds of interest in the ketone fraction were separated on a DB-5 column (30 m, 0.32 mm, 0.25 μm), the combustion reactor in the GC/C III system was set at 850°C. The reproducibility of triplicate analysis was better than ±0.5‰ for 22,29,30-trisnorhopan-21-one. All δ 13 C values are given as deviation from the V-PDB standard.
Major and trace elements, XRF analysis
One gram of powdered sediment samples was glowed at 1030°C within a porcelain vessel in order to remove any volatiles and determine the loss on ignition (LOI). The samples, mixed with 5 g Li-metaborate and 25 mg Li-bromide, were melted at 1500°C (20 min) within platinum vessels and were then homogenized. Measurements of major and trace elements were performed using Chromium-/Rhodium tube within the XRF-spectrometer (PW 1480 and PW 2400). Standardisation is based on international rock standards. Precision is within 1-2% for major elements and 5-10% for trace elements, respectively.
The Ba excess values were estimated according to the method described by Kasten et al. (2001) . Based on the measured Ba and Al data a regional Ba/Al-background ratio of 0.003125 could be determined and the Ba excess values were then calculated by the deviation of the measured Ba-content from the regional Ba-value corresponding to the measured Al-content. In a similar calculation a regional average ratio of 3.19 (SiO 2 /Al 2 O 3 ) was assumed for detrital sediment input. This ratio is comparable to the average value of 3.25 determined for detrital sediment in the central graben of the Red Sea (e.g. Bischoff, 1969) . The SiO 2 excess values were calculated by the deviation of the measured SiO 2 content from the regional SiO 2 -value (calculated using the measured Al 2 O 3 -content).
Sediment dating (by accelerator mass spectrometry-AMS)
In the Shaban and Kebrit deeps carbonate turbidites are frequently indicated by (carbonate) sand layers and vertical graded sediments. This is probably one reason that former conventional 14 C-dating experiments on sedimentary carbonate of core 378 KL from the southern subbasin of the Shaban deep gave no meaningful results (Stoffers et al., 1990) . During the present study we measured the 14 C-content of organic matter from 13 subsamples of two sediment cores in the Shaban-and Kebrit deeps (Table 1) . In accordance to the previous findings for the Shaban deep 14 C-dating of carbonate-rich sediments revealed no meaningful stratigraphic information (compare result section). Hence, we may assume that many (if not all) of the analysed carbonate-rich horizons in the Shaban deep are redeposited sediments (turbidites). Hence, we concentrated on 14 C-dating of organic matter embedded exclusively in carbonate-poor laminated sediments with a high organic content.
Sample preparation for AMS dating followed the routine procedure of the Leibniz Laboratory at Kiel University (Grootes et al., 2004) . After a microscopic check on sample purity the sediments were treated with 1% HCl, 1% NaOH at 60°C and again 1% HCl. Combustion was performed at 900°C within a quartz ampoule containing CuO and silver wool. The evolved CO 2 was reduced to graphite (using H 2 at 600°C in presence of an Fe-catalyst). After that the Fe-graphite mixture was pressed into a sample container for AMS measurement. The 14 C-concentrations were determined by comparing simultaneously measured 14 C, 13 C and 12 C contents with those of the CO 2 standard (oxalic acid II) and zero-effect sample (coal). The conventional 14 Cage was calculated after Stuiver and Polach (1977) including correction of isotope fractionation by the 13 C/ 12 C ratios. Given uncertainty includes counting statistics, stability of AMS and zero-effect.
Results and discussion
3.1. Sediment types defined by composition 3.1.1. Carbonate sediments
The CaCO 3 -content of sediment core 17002-2 in the southern Shaban deep is extremely variable between b0.2 and 78% with the high values usually occurring in the upper 300 cm of the core (Table 1) (Table 1) . Sediment cores from both deeps contain numerous variably thick layers enriched in foraminifera and pteropods and sediment grading can be observed (Hemleben et al., 1996a ; see core descriptions in Figs. 2 and 3 ). It has been mentioned before that dating experiments of those carbonate-rich sediments revealed no meaningful sediment ages (Stoffers et al., 1990 ; upper 202 cm of core 17002-2, Table 1 ). Moreover, slow settling of single carbonate particles through acidic brines (pH 5.5-6.0) can cause complete carbonate dissolution (Schmidt et al., 2006) . Rapid sedimentation of carbonate shells by turbidites, however, prevents significant carbonate dissolution (Schmidt et al., 2006) . Although sediment radiographs were not prepared during this study, we assume that most carbonaceous sediments from the Kebrit-and Shaban deeps were deposited as turbidites (Hemleben et al., 1996a; Figs. 2 and 3) . Hence, the significance of carbonaceous sediments within Red Sea deeps for reconstructing the paleodepositional environment seems to be low. In contrast, carbonate shells within (carbonate-poor) laminated sediments are often incorporated within fecal pellets or pellicles (Erba et al., 1987) . Accordingly, for Shaban sediments with low (b10% CaCO 3 ) carbonate contents a positive correlation exists between the percentages of fecal pellets and the carbonate content (Tables 1 and 2 ). When these organic particles settle through the acidic brine within the deeps the enclosed carbonate shells remain undissolved. Then the presence of carbonate fossils may well be discussed in terms of their paleoceanographic implications (Seeberg-Elverfeldt et al., 2004b .
The major elemental composition of Al-, Ca-, and Si of sediments from the Kebrit-and Shaban deeps allows the characterisation of major sediment types. For instance, the Al 2 O 3 , and CaO concentrations of Shabanand Kebrit deep sediments (Table 1) compare well with the average element composition given for the "normal" Red Sea sediment facies (Bäcker, 1976; Scholten et al., 2000) . Furthermore, the Al 2 O 3 , CaO, and SiO 2 concentrations of Kebrit deep sediments plot close to a theoretical line in Fig. 4 , which connects two assumed sediment endmembers: average pelagic clay and deepsea carbonate (McLennan and Murray, 1999) . Hence, based on major element analyses variable pelagic clay/ carbonate mixtures are indicated for the Kebrit deep. Relatively high CaO concentrations between 25.4 and 31.5 wt.%, representing carbonate-rich, probably turbiditic sediments (see above), were also measured for the upper part (12.5-180 cm) of core 17002-2 from the Shaban deep.
Siliceous ooze
Whereas sediment samples from the Kebrit deep fall on (or very close to) the mixing line between deep-sea carbonate and pelagic clay, most Shaban deep sediment samples plot off the mixing line as the samples are enriched in Si (Fig. 4) . The reason is that the lower part (below 309 cm) of core 17002-2, where most of the samples were taken, contains sapropel sediment and siliceous ooze (Table 1; Fig. 2 ). The predominance of siliceous sediments in the Shaban core can also be recognised by calculating the Si excess values (Table 1) . Diatomaceous sediments are the major sediment type of the lower part (305-852 cm) of core 17002-2 from the Shaban deep (note that core section 755 cm to 850 cm is disturbed by coring or sediment reworking and carbonate-rich turbidites are present; Hemleben et al., 1996a; Fig. 2) . According to our 14 C-dating results on organic material the diatomaceous sediments of core 17002-2 were probably deposited from the last glacial maximum (LGM, 22-19 ka) on during early sea level rise through the cooling phase Heinrich Event 1 and the Bolling-Allerod to the Younger Dryas (13.1-11.7 ka). For that time period changing seawater conditions from an oligotrophic stratified to a fertile stratified water column are assumed (Legge et al., 2006) .
Siliceous microplankton in surface sediments of the northern Red Sea including the Shaban deep was Table 2 Organic-petrographical observations of sediment cores 17002-2 (Shaban deep) and 17006-5 (Kebrit deep) applying the classification after Stach et al., 1982 (1 = absent or very low, 2 = few, 3 = mean, 4 = frequent, 5 = predominant) 
Shaban deep kasten core 17002-2 2. investigated in detail by Seeberg-Elverfeldt et al. (2004a,b) . Diatoms were found to be the most abundant siliceous group in Red Sea sediments. According to Seeberg-Elverfeldt et al. (2004b; the diatomaceous sediments of core GeoB 5836-2 (taken in close vicinity to core 17002-2) represent the carbonatepoor "phase III" sediments. The authors, although having no absolute sediment age dating results available, estimated these diatomaceous sediments to be older than 34 ka.
Sapropels
Another major sediment type of the Kebrit-and Shaban deeps are organic-rich sediments (sapropels) with TOC values up to 8.4% (Table 1) . Most prominent in core 17002-2 (Shaban deep) is the sapropel between 309 and 401.5 cm (Table 1; Fig. 2 ). Our 14 C-dating results on sedimentary organic matter suggest a time of deposition between approximately 13.6 and 11.8 ka (note that there is carbonate turbiditic sediment between 462 and 402 cm core depth) for the most prominent sapropel of core 17002-2, which coincides with the Younger Dryas, a time when a fertile mixed water situation with high primary production prevailed (Legge et al., 2006) . The inorganic composition of "phase II" sapropel from core GeoB 5836-2 is described in detail by Seeberg-Elverfeldt et al. (2004b . Without absolute sediment age dating results available, the authors estimated this sapropel as being deposited between 22 and 14 ka. However, both sapropels (e.g. the sapropel between 309 and 401.5 cm depth of core 17002-2 and the "phase II" sapropel from core GeoB 5836-2) can clearly be correlated by the stratigraphic position within the sediment sequence, sapropel thickness and laminae including internal lithified carbonate layers.
The absolute 14 C-ages (11.97 ka at 325 cm and 12.75 ka at 374 cm) indicate a high average sedimentation rate near 70 cm/ka for the diatom-rich sapropel in the Shaban deep (note that carbonate layers are sometimes present in the sapropel which are caused by turbidites or authigenic minerals-see core description in Fig. 2 and Stoffers et al., 1990 ; those turbidites and authigenic mineral layers are excluded in the calculation of the sedimentation rate). (Table 1) .
Although a matter of debate, Ba-contents of sediments have been used as a tracer of past productivity (Dymond et al., 1992; Kasten et al., 2001) . The existence of anaerobic saline brines within the Kebritand Shaban deeps prevents large-scale postdepositional oxidation of organic matter, which could cause decoupling of Ba-and TOC-variations, as has been suggested by Kasten et al. (2001) . Hence, the Ba concentrations of organic-rich sediments from Kebrit and Shaban deeps may be useful when studying sapropel formation. We observed a positive correlation of the organic carbon content with the Ba concentrations (Table 1; Fig. 5) , which supports the idea of a high primary production being responsible for the formation of the Shaban deep sapropel deposited between 13.6 and 11.8 ka (Table 1) . Similarly, the parallel increase of Ba-and TOC contents at around 200 cm core depth (core 17002-2) suggests that this organic-rich layer is also the result of a (smaller) productivity pulse around 10.3 ka. The Ba excess of Feand Zn-enriched hydrothermal affected sediments of the Kebrit deep (see below) is distinctly lower than the Ba excess within the sapropels (Table 1) . This also supports the idea that paleoproductivity pulses rather than hydrothermalism control the Ba excess in the sediments of the Shaban and Kebrit deeps.
Hydrothermally affected sediments
Hydrothermal activity affecting Red Sea sediments has frequently been reported (Degens and Ross, 1969; Bignell et al., 1976 cited after Scholten et al., 2000 Coulibaly et al., 2006) . Discharging hydrothermal solutions are trapped in isolated basins and deeps, which favour the preservation of hydrothermal deposits (summarised by Scholten et al., 2000) . Organic-rich sediments deposited in Red Sea deeps may be affected by locally high heat flux causing organic matter maturation (Burke et al., 1981; Simoneit et al., 1987; Michaelis et al., 1990; Faber et al., 1998) . In particular, Michaelis et al. (1990) concluded that hydrothermal petroleum generation caused petroleum impregnations of Kebrit and Shaban deep sediments. Moreover, petroleum-impregnated massive sulfides were found near the brine-sea water interface of the Kebrit deep (Hemleben et al., 1996a; Stoffers et al., 1998; Michaelis et al., 1990) . Two types of massive sulfides occur which include a variety of ore minerals such as pyrite, marcasite, bravoite, sphalerite and galena (Missak, 1988; Blum and Puchelt, 1991 cited after Scholten et al., 2000) . As a consequence, high concentrations of Fe, Zn and Pb but relatively low Cu and Ni values (Missak, 1988 cited after Scholten et al., 2000 may occur in hydrothermal sediments from the Kebrit deep. Hence, hydrothermally affected sediments in the Kebrit deep should be recognized by Fe and Zn anomalies. Fig. 6 shows the concentrations (maximum-, minimum-and average values) of a selection of elements measured in the two sediment cores from Kebrit and Shaban deeps. As can be seen most elements plot in the range of concentrations typical for average pelagic clay, deep-sea carbonate, or mixtures of both. However, relatively high concentrations of Fe (22.8% and 16.2% at 111, 125.5 cm core depth, resp.) and Zn (1944 to 2733 ppm at 151.5, 152 and 198 cm core depth) measured for samples from the Kebrit core (Table 1) , fall out of the range for normal marine sediments (Table 1; Fig. 6 ). Fe-enriched sediment layers (limonitic mud) in Kebrit sediments are recognised by their red to reddish-brown color (Bignell, 1975 cited after Scholten et al., 2000 ; core 17006-5, Fig. 3 ). These Fe-rich sediments are probably hydrothermal in origin. It is not clear, however, whether Kebrit deep sediments were influenced by Fe-rich hydrothermal solutions after deposition, or the sediments may contain redeposited FeOOH-rich material, which originated from above the anaerobic brine. Based on organic-geochemical results (e.g. the pristane/ phytane ratios and the occurrence of the biomarker trisnorhopanone, see below) the existence of anaerobic saline brine within the Kebrit deep is indicated at least for the last approximately 3 ka. Sedimentation of FeOOH-rich material in contact with anaerobic H 2 Srich brine is unlikely to occur. Thus, turbiditic transport and redeposition of FeOOH-enriched sediment from the hydrothermal field above the brine seems more likely. Such Fe-rich materials in vicinity to massive sulfides have been observed near the brine-sea water interface of the Kebrit deep (e.g. Fig. 14.7 in Scholten et al., 2000) . However, these FeOOH-rich sediments have not been observed in the Shaban deep. Here, Fe-enrichments to 16.3% within organic-rich sapropelic sediments are caused by pyrite. This is indicated by the linear correlation between Fe-and S-concentrations (Fig. 7) . It is not clear, however, whether pyrite formation in Shaban deep sediments was already initiated (Seeberg-Elverfeldt et al., 2005) at the brine-sea water interface and continued to grow within the sediments. Alternatively, pyrite from the Shaban deep precipitated solely from sulfate-reduced, H 2 S-enriched, pore fluids.
Three layers with high Zn values occur tenths of centimeters apart from the limonitic horizon in the Kebrit deep sediments (Table 1, Fig. 6 ). Similar to the Fe anomalies it is unclear whether the Zn anomalies were caused by in situ hydrothermal precipitation or Zn perhaps originated at the brine-sea water interface as sphalerite (Blum and Puchelt, 1991 cited after Scholten et al., 2000) , and subsequently was transported into the deep brine sediments.
Organic petrology
The results of microscopic observations of organic particles in Kebrit and Shaban deep sediments are listed in Table 2 . Low TOC values (b4%) correlate reasonably well with the amount of organic matter determined by microscopic observation (Table 2) . High TOC values from sapropel sediments, however, are underestimated in regard to the microscopically observed organic matter contents. This may indicate significant contributions of extremely fine dispersed, perhaps amorphous, organic matter in the sapropel sediment. Organic particle sizes are usually b20 μm. Large particles N 100 μm are rare. Major components are round and elliptical pellets and bituminite. Inertinite is rare within the sediments. It usually consists of small b20 μm semifusinite-and fusinite particles of terrestrial origin and is probably related to wind and/or turbiditic transport (Stach et al., 1982) . Seldom are 5-10 μm thick higher reflecting stripes or sheets of faunal remains, which are attributable to chitinous eggs, and cuticles of arthropods. Liptinite is present in varying amounts in both cores. It occurs usually as small and very small (b5 μm) sheets of algae (liptodetrinite), which are partly fragments of larger organisms or partly thin, unornamented sheets of globular algae of the nano-or even picoplankton. Rare are also planktonic algae up to 50 μm like cysts of dinoflagellates and stripes or lenses of laminated algae. If laminated algae are present in sufficient amount forming microbial mats they may correspond with the gelatinous pellicles living at the brine-sea water interface (Erba et al., 1987; Erba,1991; Daffonchio et al., 2006) . Polypantoporate and colpate pollen of angiospermae or dissaccate pollen of gymnosperms occasionally occur. 20 to 30 μm large humic fragments sporadically occur in both cores. They are degraded and contain only occasionally reflecting material. Although only few measurements of the vitrinite reflectance (at 546 nm) were possible the results suggest the maturity to be b0.3%.
The pellets are brown or grey in color. Their size is usually 6-10 μm, seldom smaller or up to 200 μm. They show usually no or weak brownish fluorescence. Their internal structure is extremely fine-grained (individual (Espitalié et al., 1977) . HI: Hydrogen Index (Rock Eval hydrocarbon generation potential). CPI: Carbon Preference Index (carbon odd/even ratio. modified after Bray and Evans (1961) . cited in Tissot and Welte (1984) : e.g. grains b 1 μm). The round shape of the pellets may gradually convert into lens-shaped forms or "Schlieren" which often can not be distinguished from bituminite. The pellets consist of intimately mixtures of organic matter with inorganic material (Fig. 8) . They are definitely biogenic in origin and they are most likely produced as excrements from unknown organisms. To distinguish them from the fecal pellets (SeebergElverfeldt et al., 2005) , which are considerable larger (N100 μm), they are here defined as micropellets.
Bituminite is the second major component, which can be observed in the sediments. It occurs as small lenses or stripes of irregular shape. Bituminite is brown in color, shows weak to middle brownish-yellowish fluorescence and is extremely fine-grained like the micropellets. Although a few exceptions occur (Kebrit deep: 83, 74.5, 69.5, and 64.5 cm), bituminite contents of Kebrit deep sediments are usually b 20%. As there is a positive correlation between TOC measurements and microscopic estimations of OM contents, we may assume that pellets represent the major part of the organic matter in Kebrit sediments. The situation is more difficult in case of the Shaban deep, however, where relatively high bituminite contents are observed. Microscopic observations indicate that pellets often degrade and change into bituminite like structures (see above). Thus, it is possible that the original pellet content of the sediments was higher than the actual pellet/bituminite ratios indicate.
Organic geochemistry of sediments
Kerogens
The TOC contents of the sediments within Kebrit and Shaban deeps range from 0.1 to 8.4% (Table 1) . The highest TOC values were found for sapropel sediments in the Shaban deep between 309 and 401.5 cm core depth. All sediments with elevated TOC (N1%) values are finely-laminated and olive gray or olive green to olive black in color. Relatively low TOC values, however, are measured for light-colored carbonate-rich sediments often intercalated with laminated intervals (Fig. 2) . Seeberg-Elverfeldt et al. (2004b studied the inorganic constituents of organic-rich laminated sediments in the Shaban deep and found that the laminations represent two-season annual varves. Diatoms were regarded as fall/winter deposition and coccoliths are thought to reflect a summer signal. Consequently, one major source of the high organic carbon contents in Shaban deep sapropelic sediments is related to bioproductivity in Red Sea surface water. Another organic carbon source, however, is related to the brine-sea water interface. There, density gradients delay sedimentation of organic particles and gradients of chemicals, including permutations of electron donors and acceptors may enhance microbial diversity, activity and biogeochemical cycling (D'Hondt et al., 2004; Parkes et al., 2005; Daffonchio et al., 2006) .
Rock Eval pyrolysis of kerogens from both deeps show T max values near 450°C. Most Kebrit deep samples have a shoulder at 360°C, however, which probably indicates the presence of thermal labile components containing more functional groups. The idea of a stronger conversion of Kebrit kerogens is supported by the lower hydrogen index (HI) values between 200-240 mgHC/gTOC, whereas the HI values of the Shaban kerogens are higher between 305 and 395 mgHC/gTOC. The mean HI determined after Langford and Blanc-Valleron (1990) are 222 mgHC/ gTOC for Kebrit and 357 mgHC/gTOC for Shaban kerogens (Table 3) . These HI are in the same range of values (e.g. 200-400 mgHC/gTOC) found for anoxic laminated sediments from the oxygen minimum zone (TOC up to 4%) deposited at the continental slope of the north Arabian Sea (Littke et al., 1997) . Hence, it is concluded that a significant hydrocarbon formation did not occur in the sediments of the Shaban and Kebrit deeps. Michaelis et al. (1990) , however, from the epimerization of extended hopanes, concluded that hydrothermal petroleum formation occurred in sediments of the Kebrit and Shaban deeps. This is possible as thermal influences causing maturation of sedimentary organic matter may be locally restricted. More information about regional aspects of hydrocarbon production within the Kebrit and Shaban deep sediments would be required in order to draw final conclusions about the extent of hydrothermal hydrocarbon formation.
The stable carbon isotope values of Shaban deep kerogen samples are relatively low between − 21.4 and − 23.1‰ whereas the Kebrit kerogen samples have slightly less negative δ 13 C values between − 20.3 and − 21.3‰. Apparently, the amount of organic carbon present in the samples does not influence the stable carbon isotope values of the kerogens (Table 3 ). The range of isotope values between − 20.3 and − 23.1‰ for Shaban and Kebrit deep kerogens fall into the known range of marine organic matter and, more specifically, the values are typical for warm water plankton (Saxby, 1972; Weber and Sackett, 1981; Sackett, 1989) .
The organic matter of both deeps is of type II quality (Fig. 9) , and neither organic-petrographical observations nor n-alkane spectra support the idea that significant inputs of terrestrial organic carbon are responsible for the relatively low stable carbon isotope values measured for Shaban deep kerogens (Table 3 ; Fig. 10 ). Hence, variable 13 C/ 12 C ratios in Red Sea surface water during organic matter production and/or diagenetic changes might explain the isotopic variations of the kerogens.
The
14 C measurements of organic matter from both deeps indicate absolute sediment ages between approximately 2 and 21 ka (note, however, that sediments deposited between approximately 3 and 10 ka were not Fig. 9 . Rock Eval hydrocarbon generation potential (S2) relative to the carbon content of kerogen (Langford and Blanc-Valleron, 1990 ). Although differences are noticeable type II kerogens are indicated for the sediments sampled from Shaban and Kebrit deeps. (Table 1) . Identified compounds are indicated. The distribution curve of hydrocarbons center around n-C 20 . Unresolved complex mixture (UCM) is present in most of the samples. Long chain hydrocarbons are present in very small amounts and coelute with other unidentified compounds (IS = internal standard). cored; Table 1 ). Thus, theoretically, changes of stable carbon isotope values of sedimentary organic matter by diagenetic processes could have occurred as a consequence of the preferential loss of isotopically enriched (e.g. amino acids) or depleted (e.g. lipids) components (Macko et al., 1994) . Hence, stable isotope compositions of bulk sedimentary organic matter sampled during variable diagenetic stages are difficult to interpret.
Low amounts of TOC of 0.1 and 0.2% were recovered by in situ filtering of water from brine-sea water interfaces (Table 4 ). The δ 13 C values of sedimenting bulk organic matter are lighter by ∼1-4‰ than those of subrecent bulk organic matter from surface sediments (0-1 cm of the multicorers; Table 4 ). Compounds usually depleted in 13 C relative to biomass (e.g. lipids) are included in the bulk sedimenting organic material but are not considered in kerogens. The stable carbon isotope values of all (except one) young bulk organic matter samples, however, have less negative values compared with the relatively old kerogens from the Shaban sapropel. For instance, kerogen from surface sediment of the Shaban deep is enriched in 13 C by ∼ 2 to 3‰ relative to the 10.5-12.6 ka old kerogens deeper in the core (e.g. sampling interval 204-370 cm; δ 13 C between − 21.4 and − 23.1‰; Table 3 ).
The Kebrit and Shaban deeps contain highly saline brines, which tend to reduce biodiversity (Benlloch et al., 2002) . Moreover, metabolic activities are significantly higher in the chemocline than in the overlying seawater and underlying brine (Daffonchio et al., 2006) . During early diagenesis the organic matter within highly saline brine sediments is only subjected to anaerobic microbial degradation processes. Hence, we may assume that the most effective early degradation of sedimenting organic matter in the deeps probably occurs near the redoxcline, which today is located at the brinesea water boundary. In that respect it is noteworthy that both the pr/ph-ratios and the presence of the biomarker TNH suggest that the Shaban brine probably existed for at least 15 ka (see below).
Kerogens from the Shaban deep sapropel, although significantly older (11.8-13.6 ka) than the kerogens from the Kebrit deep (2-3 ka), have a higher hydrocarbon generation potential (Table 3 ; Fig. 9 ) and also delivered larger amounts of extractable organic matter (see below). This indicates that the relatively young organic matter from the Kebrit deep experienced a higher degradation (which most likely occurred at the brine-sea water interface) than the older kerogens from the Shaban deep sapropel. A likely explanation for these differences is that the oxidation of organic matter was reduced during glacial to postglacial times when the Shaban deep sapropel was deposited. During that time the redoxcline was probably at a lower water depth above the brine-sea water boundary (Coulibaly et al., 2006) . Hence, sedimenting organic matter rapidly settled through the water column and redoxcline and then, slow anaerobic degradation may have taken place at the brine-sea water boundary.
Even though degradation of organic matter in the sapropelic sediment of the Shaban deep is relatively low its stable carbon isotope values deviate significantly from the values measured for recent bulk organic matter (filter samples) and bulk organic matter from sediment surfaces (multicorer samples from both deeps; Table 4 ). As organic matter degradation is probably not responsible for the observed differences in the isotopic compositions of kerogens from the Kebrit and Shaban deeps it is more likely that the different isotopic values are determined by variations of Red Sea surface water, thus reflecting changes in the nutrient level (e.g. 12 C content) of sea water. The nutrient contents of Red Sea Table 4 Organic-geochemical data of brine -in situ filter samples and surface sediment samples (MUC) Sample ID Deep TOC (% wt.) (Schmidt et al., 2006) .
water was probably much higher during deglaciation and in particular during the Younger Dryas (13.1-11.7 ka; Legge et al., 2006) when the Shaban sapropel formed than it was 2 to 3 ka ago, at times when the organic matter of core 17006-5 was deposited in the Kebrit deep.
Lipid biomarkers
The amount of extractable organic matter (EOM) of Kebrit and Shaban deep sediments correlates with the total organic carbon contents (Fig. 11a) . The EOM/TOC ratios are higher for the Shaban sediments (36-414 mgEOM/ gTOC) than for the Kebrit sediments (32-166 mgEOM/ gTOC). The EOM/TOC values from both deeps are similar to the values reported by Michaelis et al. (1990) for Kebrit-(85-166 mgEOM/gTOC) and Shaban-(40-247 mgEOM/gTOC) sediments. Largely marine organic carbon source(s) can be assumed for both deeps in the northern Red Sea. Hence, the differences in the amounts of extractable organic matter also indicates that, although older, the organic matter from the Shaban deep is less microbially degraded than that from the Kebrit deep. We found no increase of extractable organic matter with increasing core depth, however, neither for the Kebrit-nor the Shaban sediments. The three samples from the Shaban deep with the highest EOM/TOC ratios (at 342, 345.3, 357 .5 cm) derived from laminated black organic-rich diatomaceous oozes (Table 3 ; Fig. 2 ). Those sediments showed no indications of a hydrothermal influx (see above).
3.3.2.1. n-alkanes. N-alkanes are minor constituents of the soluble organic matter of the Kebrit and Shaban deep sediments (Table 3 ; Fig. 10 ). The n-alkane distribution of the sediments is usually dominated by n-C 15 to n-C 25 chain lengths with a maximum of n-C 20 and/or n-C 21 . The Carbon Preference Index (CPI, see Bray and Evans, 1961) in the range n-C 15 to n-C 25 is between 0.7 and 1.5 (Table 3) . Only some Shaban deep samples (e.g. 305, 325, 377-391, 480 cm core depth) have bimodal distributions with long-chain n-alkanes N n-C 25 up to n-C 35 . In that n-alkane range higher CPI values between 1.2 and 3.0 (not presented here), show the preference of odd carbon number chains.
In some of the near-surface sediments of the Kebrit deep (5 cm to 79 cm) n-C 17 is the most dominating n-alkane. Here the CPI values between 1 and 2.7 in the n-C 15 to n-C 25 range are strongly influenced by n-C 17 . This n-alkane is formed by many phytoplankton species (Meyers and Ishiwatari, 1993; Silliman et al., 1996; Muri et al., 2004; Sachse et al., 2004) . Similar to the few Shaban deep sediments, 3 Kebrit samples (e.g. at 57, 151.5, 153.5 cm core depths) have bimodal distributions since they also have n-alkanes in the longchain range. These long-chained n-alkanes show a strong odd-even predominance. This may indicate an origin from terrestrial plant waxes (Eglinton & Hamilton, 1963; Kolattukudy & Walton, 1972; Simoneit, 1978a) , but organic matter from diatoms may also supply long-chained n-alkanes (Lichtfouse et al., 1994; Zegouagh et al., 1998) .
In contrast, hydrocarbons lower than n-C 23 are attributed to an autochthonous origin, where n-C 17 and n-C 19 are representative of a primary residue from bacteria and algae (Han et al., 1968; Orò et al., 1967; Youngblood et al., 1971; Grimalt and Albaiges, 1987; Simoneit et al., 1987) . The ratios n-alkanes to per cent of organic carbon (Table 3 ), indicate that there is no systematic change of the ratios with depth suggesting that thermal production of hydrocarbons within the sediment column is not relevant.
The pristane/phytane (pr/ph) ratios are generally low (≪ 1 to ∼ 1; Table 3 ). This indicates anoxic conditions (Didyk et al., 1978) or, alternatively, an input of organic matter from archaebacteria into hypersaline environments may be responsible (Kaplan and Baedecker, 1972; TenHaven et al., 1985 TenHaven et al., , 1987 . Phylogenetic studies, revealing the occurrence of halophilic bacteria and archaea living in the Kebrit and Shaban brine-sea water interface, brine and sediment-brine interface (Eder et al., 2001 (Eder et al., , 2002 , may assist the latter process. However, there is no indication of e.g. biogenic CH 4 -production in brine of Kebrit and Shaban deep (Faber et al., 1998; Schmidt et al., 2003) . In some cases the pr/ ph ratio is N1, which theoretically could indicate a change of environmental conditions. However, highsaline anoxic brine bodies situated within submarine depressions are only subjected to long-time diffusive processes (Anschutz and Blanc, 1996; Schmidt et al., 2003) and thus, variable sediment composition due to redeposition from outside the brine rather than rapid changes of environmental conditions likely is responsible (note for instance pr/ph of 4.8 for the sample at 108 cm core depth from the Kebrit deep).
Fatty acids.
The absolute amounts of fatty acids are lower in the Kebrit deep than in the Shaban deep sediments (Table 3 ). The n-carboxylic acid of both sediment cores have bimodal distributions in the range from n-C 16 to n-C 32 . In most cases fatty acids maximize at n-C 16 and n-C 18 and in the range n-C 24 to n-C 28 . A distinct preference of even-numbered fatty acids was noted and thus, low CPI values between 0.03 and 0.29 for the Shaban and 0.05 and 0.29 for the Kebrit sediments are calculated for ranges n-C 14-21 and n-C 22-30 (Table 3) . In Kebrit and Shaban deep sediments where the amount of terrigenous organic matter is very low the dominant n-C 16 and n-C 18 fatty acids are ascribed to a marine plankton source.
Unresolved complex mixture (UCM).
Unresolved branched and cyclic hydrocarbons are present in numerous samples from the Kebrit deep and also in most samples from the Shaban deep (Table 3 ; Fig. 10 ). In all cases UCM ranges between n-C 16 and n-C 25 and maximizes at n-C 20 and n-C 21 . These unresolved hydrocarbons may be due to microbial activity (Simoneit, 1978b; Johnson and Calder, 1973) or to catagenetic decomposition of organic matter (Tissot and Welte, 1984) . It is noteworthy that the young Kebrit sediments have uniformly low UCM contents, whereas the UCM contents of the much older (but less degraded) Shaban deep sediments are more variable with high and low values in close vicinity (Table 3) . The highest UCM contents were found within sapropel sediments and diatomaceous oozes deposited below 309 cm core depth in the Shaban deep. However, neither the Shaban nor the Kebrit deep sediments show a systematic trend of increasing UCM values with the increase in sediment depths, which formerly was ascribed to hydrothermal hydrocarbon generation in the Kebrit deep (Michaelis et al., 1990) .
Hence, microbial activity within the sediments rather than thermal degradation of organic matter probably caused the UCM contents in sediments from the Kebrit and Shaban deeps. There is some evidence that microbial processes do occur within brine sediments. Core 378 KL also taken from the southern subbasin of the Shaban deep (Stoffers et al., 1990 ) revealed authigenic carbonate layers within sapropelic sediments. Stable carbon-and oxygen isotope investigations indicated that sulfate reduction processes were responsible for their formation (Stoffers et al., 1990) . Sediment core 17002-2 positioned in close vicinity to core 378 KL also contains authigenic (semi-)lithified carbonate layers (Fig. 2) . This suggests that sulfate reduction processes and authigenic carbonate precipitation also occurred in the sediments of core 17002-2. Furthermore, Table 1 and Fig. 7 indicate that in TOC-rich (N2%) sediments Fe is predominantly consumed by the formation of pyrite, whereas in sediments with b 2% TOC a large excess of Fe over S may be observed. If the probably redeposited hydrothermal (limonitic) Fe in the Kebrit sediment core is not considered, the excess of Fe over S in (anoxic) brine sediments suggests that the organic matter content may be a limiting factor in the microbial sulfate reduction process, which apparently is not inhibited due to the existing highly saline pore water conditions. 3.3.2.4. Steroides, ketones and aliphatic alcohols. Within the lipid fraction alkenones and sterols are dominating compounds. The total long-chain alkenone concentration (C 37 -C 39 alkenones) in Shaban and Kebrit deep sediment samples is most likely related to the productivity of coccolithophore species E. huxleyi in surface water (Volkman et al., 1980) and other haptophyte algae (Rontani et al., 2004 (Rontani et al., , 2006 . Moreover, estimates on sea surface temperature were deduced from the so-called UK 37 index (Brassel et al., 1986; Müller et al., 1998) . For glacial and postglacial sediments in the northern Red Sea the relative abundances of E. huxleyi were determined and a detailed UK 37 temperature curve was established (Legge et al., 2006) . Thus, we decided not to elaborate further on the alkenone concentrations and UK 37 surface water temperatures as derived from Kebrit and Shaban deep sediments. We focus on the abundance of individual sterol compounds in organic-rich sediments of the Kebrit and Shaban deeps, which we found to be most indicative for major changes in the paleoceanographic conditions of the northern Red Sea (see below).
The identified sterols in Kebrit and Shaban deep sediments are cholest-5-en-3β-ol (cholesterol), 5α-cholestan-3β-ol (cholestanol), 4,23,24-trimethyl-5-cholest-22E-en-3-ol (dinosterol), 24-methyl-cholest-5-en-3β-ol (24-methylcholesterol), 24α-ethylcholest-5-en-3β-ol (sitosterol), 24α-ethylcholest-5,22-dien-3β-ol (stigmasterol).
Furthermore, relatively large amounts of 1,15-triacontan-diol, 15-keto-triacontan-1-ol and 22,29,30-trisnorhopan-21-one (TNH) are also present. The abundant biomarker molecules dinosterol, cholesterol and TNH in the sediments of the Kebrit-and Shaban deep are preferentially discussed, variable concentrations are shown in Table 3 , and are identified in the selected chromatograms (Fig. 12a-c) . Abundances of these biomarker molecules are determined by important groups of organisms, which reflect the (paleo-)oceanographic situations in the northern Red Sea since the LGM and enlight the formation of organic-rich sediments within the brine-filled deeps.
The major free sterol in all samples from the Shaban deep (KC 17002-2) and in a great part of samples from the Kebrit deep (KC 17006-5) is dinosterol, which correlates positively with both the TOC values and the total amounts of extract (Table 3 ; Fig. 11b ). The biological source of dinosterol are dinoflagellates (Boon et al., 1979) . Thus, dinoflagellates probably control much of the organic carbon supply to the Kebrit and Shaban deep sediments. Subrecent surface sediments, which were collected by multicorer sampling also contain dinosterol (Table 4 ). This biomarker was absent, however, in extract samples derived from in situ filtering (IF-samples in Table 4 ), of brine-sea water interfaces performed in March 2002 (M52-3 cruise). Besides detection limits (TOC = 0.1-0.2%) the reason for low dinoflagellate contents in the water could be that the abundance of dinoflagellates fluctuates seasonally. They commonly multiply rapidly in late spring or summer, after the maximum diatom concentration and when nutrients are most abundant (Williams et al., 1978) .
The finely-laminated, organic-rich, diatomaceous sediments below 309 cm of core 17002-2 from the Shaban deep reflect a high-productivity stage during deglaciation in the northern Red Sea (Legge et al., 2006) and formation of (perhaps annual) varves occurred Fig. 12 . Selected typical gas chromatograms of fractions of different polarity. Cholesterol, dinosterol, 22,29,30-trisnorhopan-21-one, internal standards (IS), and further specified compounds are marked. (Seeberg-Elverfeldt et al., 2004a) . Hence, the high dinosterol contents of these organic-rich (sapropelic) sediments from the Shaban deep mirror high bioproductivity in the northern Red Sea during deglacial time.
Positive correlations of TNH vs. TOC (Fig. 11c ) and cholesterol vs. TOC (Table 3 ; Fig. 11d) were only observed for the sediments from the Kebrit deep. Cholesterol is considered to be mainly produced by eukaryotes (Wakeham et al., 1997) . Subrecent surface sediments (from multicorers) contain cholesterol in similar amounts to the sediments derived from the kasten core (Table 4 ). The highest amounts of cholesterol were found in laminated dark greenish to gray (organic-rich) sediments from the Kebrit deep between 5 and 68 cm core depth (the probably redeposited sediments near 108 cm are not considered here). Moreover, cholesterol was also detected in samples taken by in situ filters from the brine-sea water interface of both deeps (Table 4) . Near-surface sediments from the Kebrit deep contain relatively large amounts of foraminifera, which contribute to the high carbonate content (Table 1; Hemleben et al., 1996a) . Accordingly, core descriptions of core 17006-5 (Hemleben et al., 1996a and Fig. 3) showed that the upper part of the Kebrit core contains numerous foraminifera-rich sediment layers. In contrast, the generally carbonatepoor sediments (except the turbidite between approximately 400 and 460 cm) of the lower half of the Shaban core (Fig. 2) contain much less cholesterol although these sediments have by far the highest TOC and EOM contents. Diatomaceous oozes from the Shaban core were deposited between 21.1 ka and 11.8 ka at times of relatively high bioproductivity and subsequent sapropel formation during Younger Dryas time in the northern Red Sea (see above). Although at that time the primary production was relatively high (planktonic) zooplankton production in Red Sea surface water was perhaps still low (Berggren and Boersma, 1969; Fenton et al., 2000) or, alternatively, sedimenting carbonate shells have been dissolved in the acidic brine.
TNH in sediments probably results from microbial degradation of intact bacteriohopanepolyol (BHP), which are indicators for bacterial abundances and phyla, and, hence, TNH was used as an indicator for bacterial activity (Santos et al., 1994; Conte et al., 2003) . TNH was found to significantly contribute to the organic matter content of the sediment cores from the Kebrit-and Shaban deeps (Table 3 , Fig. 12c ). Up to 33.3 ppm TNH was also found in the extremely soft surface sediments of the deeps, which were collected by multicorers (Table 4) . Kiriakoulakis et al. (2001) cited Cho and Azam (1988) and stated that "the presence of this bacterial marker may signify either bacterial reworking of particulate material during transport through the water column, or repackaging of bacteria in fecal pellets by mid-water zooplankton". Gagosian et al. (1982) reported the occurrence of TNH in water column particulate organic matter collected in sediment traps. The increasing concentration of this compound with depth, observed in the oxic water column of the equatorial Atlantic, was interpreted as evidence for an increase in microbial transformation/oxidation processes with depth. We investigated a reference sediment core from outside the brine body of the Kebrit deep and found no TNH in these normal Red Sea sediments. Similarly, TenHaven et al. (1987) found cholesterol and TNH as major compounds present only in sediments from the anoxic brine-filled Tyro basin in the eastern Mediterranean and ascribed TNH production to an input of microbiota living at the brine-sea water interface. As was mentioned before, a strong density gradient at the brine-sea water boundary prevents rapid sinking of organic particles and here bacterial degradation and thus, possible TNH production, reaches a maximum. We tried to confirm the idea of TNH production at the brine-sea water boundary also by analysing in situ filter samples from that zone. Only very little organic matter was present in filter samples (TOC = 0.1-0.2%) and TNH was not detected in organic extracts of the filter material derived from brine-sea water interfaces (Table 4) .
Further information on the origin of TNH in sediments of the brine-filled deeps could come from the stable carbon isotope composition of TNH from surface sediments. The δ 13 C value of a TNH sample from the Shaban North deep is − 21.6‰ and from the Shaban South deep the value is − 19.0‰ (subsamples were taken within two days). TNH from the Kebrit deep has a δ 13 C value of − 20.2‰. The stable carbon isotope value of TNH is dependent on the carbon isotope fractionation between sea water CO 2 and the organic matter produced from it, and the fractionation occurring during the degradation of the TNH precursors. As there is no obvious relationship between the carbon isotope value of subrecent TNH from surface sediments and the modern brine CO 2 (δ 13 C between − 2 and − 12‰; Schmidt et al., 2006) , the actual process of TNH formation within the brine-sea water interface remains unknown.
The question arises why most Kebrit deep sediments have much higher TNH contents than the Shaban deep sediments (Table 3 ; Fig. 11c ). It has been stated above that sedimentary organic matter within relatively young Kebrit deep sediments reflects the modern relatively low bioproductive situation in the northern Red Sea. In contrast, sapropel sediments of the Shaban core were deposited during deglacial times and relatively high bioproductivity, and all surface sediments of the three Red Sea deeps (e.g. Shaban South-, Shaban North-and Kebrit deeps) have significantly higher TNH contents than the organic-rich (sapropel) sediments from the Shaban South deep (Tables 3 and 4) . Theoretically, it could be that the TNH content of relatively old sediments from the Shaban core 17002-2 was reduced during diagenesis. However, TNH concentrations were highest in case of the stronger degraded organic matter from the Kebrit deep. According to the occurrence of TNH in very degraded organic material in the water column (Conte et al., 2003) this also suggests that TNH is produced during bacterial degradation/oxidation of organic matter. Then the formation of TNH was apparently relatively low during times of high bioproductivity and sapropel formation. However, it should be kept in mind that the formation of TNH from its precursors is not fully understood. Hence, the quantification of bacterial activity using the TNH concentration bears some uncertainties. The sapropel sediments (Fig. 2) were formed between 13.6 and 11.8 ka (Table 1) during deglaciation (marine isotope stage 2). It has been mentioned before that during this time the redox front (redox boundary) was probably not at the brine-sea water interface but higher in the water column between 1000 and 2000 m water depth (Coulibaly et al., 2006) . Consequently, under low-oxygenated bottom water conditions in the northern Red Sea organic particles accumulating at the brine-sea water interface were only subjected to anaerobic degradation processes, which would explain the relatively low TNH contents in sapropelic sediments from the Shaban deep. The situation is different in the modern deeps where the redox boundary is directly related to the brine-sea water interface. Today the accumulating organic matter is subjected to strong aerobic and, subsequently anaerobic bacterial degradation processes at the brine-sea water interface where probably also TNH is produced.
Conclusions
Based on 14 C dating of sedimentary organic matter the cores from the Shaban and Kebrit deeps in the Red Sea revealed up to 21.1 ka old sediments. Major sediment types recovered were 1) carbonaceous sediments which are often turbiditic in origin; 2) laminated diatomaceous oozes reflecting times of low carbonate production in surface waters at the end of the last glacial maximum (LGM, marine isotope stage 2) through deglaciation; 3) sapropelic sediments with organic carbon contents up to 8.4% deposited during postglacial time between 11.8 and 13.6 ka (Younger Dryas). The δ 13 C values of the kerogens from the most prominent sapropel in the Shaban deep indicate an enrichment of 12 C-rich nutrients in the water column during postglacial sapropel formation in the Younger Dryas.
Accordingly, positive correlations of Ba concentrations with the TOC-values suggest that high bioproduction in the northern Red Sea and high sedimentation rates (up to approximately 70 cm/ka) caused the sapropel formation in the deeps.
Organic petrological observations showed that the sedimentary organic matter largely consists of fecal pellets and bituminite. Terrestrial organic matter is very rare in the surface sediments from the two deeps.
An autochthonous origin of the sedimentary organic matter as residues from bacteria and algae is reflected by the n-alkane spectra, which usually range from n-C 15 to n-C 25 (maximizing at n-C 20 and n-C 21 ).
The TOC-values correlate with the contents of the biomarker dinosterol in the sediments, which indicates that dinoflagellates are a major organic carbon source in the northern Red Sea. The biomarker cholesterol, however, which is produced by eukaryotes, is not overall related to the TOC values. Cholesterol concentrations are relatively low in sapropelic sediments and diatomaceous oozes from the Shaban deep.
The existence of (anaerobic) brine within both deeps over the total time-span covered by the analysed sediments is indicated by both the low (generally b1) pristane/phytane ratios and the occurrence of 22, 29, 30-trisnorhopan-21-one (TNH). Hence, sapropel formation was caused by high bioproductivity rather than episodic stagnation within the deeps.
In the Red Sea TNH is only produced in significant amounts when the redoxcline corresponds with the brine-sea water density gradient of the individual deeps where much of the sedimenting organic matter accumulates. The biomarker TNH is an indicator for bacterial activity, although it does not allow quantification of bacterial intensity. Efficient, most likely aerobic bacterial degradation processes of organic substances (e.g. microbial degradation of intact bacteriohopanepolyols) produce TNH that is a major constituent of surface sediments in the deeps only. However, TNH formation was much reduced during postglacial high bioproductivity stages in the northern Red Sea (e.g. the Younger Dryas) when sapropelic sediments were deposited. At that time the redoxcline probably was higher in the water column and, consequently only anaerobic degradation of organic matter occurred at the brine-sea water interface.
Rock Eval pyrolysis indicates that the organic matter is of type II quality. Although variations are recorded for the hydrogen indices and the amounts of extractable organic matter the data suggest that a significant hydrocarbon formation did not occur in the sediments from the Kebrit and Shaban deep. Thus, hydrothermal hydrocarbon formation, which was formerly reported in the literature, is probably only of local importance.
